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Characterization of the molecular pathways controlling differentiation and proliferation in mammalian hair follicles is
central to our understanding of the regulation of normal hair growth, the basis of hereditary hair loss diseases, and the origin
of follicle-based tumors. We demonstrate that the proto-oncogene Wnt3, which encodes a secreted paracrine signaling
molecule, is expressed in developing and mature hair follicles and that its overexpression in transgenic mouse skin causes
a short-hair phenotype due to altered differentiation of hair shaft precursor cells, and cyclical balding resulting from hair
shaft structural defects and associated with an abnormal profile of protein expression in the hair shaft. A putative effector
molecule for WNT3 signaling, the cytoplasmic protein Dishevelled 2 (DVL2), is normally present at high levels in a subset
of cells in the outer root sheath and in precursor cells of the hair shaft cortex and cuticle which lie immediately adjacent
to Wnt3-expressing cells. Overexpression of Dvl2 in the outer root sheath mimics the short-hair phenotype produced by
verexpression of Wnt3, supporting the hypothesis that Wnt3 and Dvl2 have the potential to act in the same pathway in the
egulation of hair growth. These experiments demonstrate a previously unrecognized role for WNT signaling in the control
f hair growth and structure, as well as presenting the first example of a mammalian phenotype resulting from
verexpression of a Dvl gene and providing an accessible in vivo system for analysis of mammalian WNT signaling
athways. © 1999 Academic Press
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HINTRODUCTION
Hair growth requires inductive interactions between der-
mal and epidermal cells and occurs in cycles throughout
adult life, providing a uniquely accessible system for study-
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All rights of reproduction in any form reserved.ng mammalian signaling pathways. Normal hair growth
equires the maintenance of a delicate balance between the
roliferation and the differentiation of pluripotent epider-
al cells in the bulb region of active hair follicles. Defects
n the differentiation of follicular epidermal cells can lead
o hair-loss diseases such as alopecia universalis (Ahmad et
l., 1998), while loss of control of proliferation in hair
ollicles can cause follicle-based tumors such as trichoepi-
helioma (Winkelmann and Diaz-Perez, 1980) and kerato-
canthoma (Schwartz, 1994). Immunohistochemical,
RNA expression, ultrastructural, and genetic studies sug-
est that basal cell carcinoma, the most common tumor in
aucasians, is caused by overproliferation of hair follicle
recursor cells (Dahmane et al., 1997; Gailani et al., 1996;
ahn et al., 1996; Johnson et al., 1996; Kumakiri and
ashimoto, 1978; Markey et al., 1992; Oro et al., 1997).
During the growth, or anagen, phase of the hair cycle,
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134 Millar et al.pluripotent epidermal matrix cells in the hair bulb move
upward in streams, adopting distinct fates that depend on
their initial position relative to the mesenchyme-derived
FIG. 1. Structure of a mature anagen hair follicle. Hematoxylin a
of an FVB/N mouse at postnatal day 9.dermal papilla at the base of the follicle. Cells in the center
of the follicle differentiate into the medulla of the hair
u
T
Copyright © 1999 by Academic Press. All righthaft, slightly more peripheral cells become the hair shaft
ortex and cuticle, and those originating near the base of the
ermal papilla differentiate into three cell layers that make
sin-stained paraffin section of a hair follicle from the middorsump the inner root sheath of the follicle (Fig. 1) (Chase, 1954).
he initiation and maintenance of distinct cell fates during
s of reproduction in any form reserved.
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135WNT Signaling in Hair Growthanagen are likely to require communication between cells
in different epidermal layers and complex changes in cell
adhesion, as well as signaling between the dermal papilla
and the matrix cells. Anagen, which lasts approximately 3
weeks in mice, is followed by a brief regression phase
(catagen), during which the lower two-thirds of the follicle
degenerate, and a resting phase (telogen) after which a new
cycle is initiated in the same follicle.
Here we provide evidence that WNT signaling can affect
both the regulation of hair growth and the structure of the
hair shaft. Wnt genes encode secreted paracrine signaling
molecules that regulate cell fate decisions, cell adhesive
properties, and proliferation (reviewed in Cadigan and
Nusse, 1997). The best studied Wnt gene, Drosophila wing-
ess (wg), has been shown by genetic and biochemical
nalyses to participate in a complex series of interactions
ith other genes to regulate segment polarity in the Dro-
ophila embryonic epidermis (Cadigan and Nusse, 1997).
he most immediate effector of WG signaling after inter-
ction of WG with its receptor(s) is a cytoplasmic protein,
ishevelled (DSH), which becomes hyperphosphorylated in
esponse to the WG signal (Yanagawa et al., 1995). Wg and
sh are members of gene families which have multiple
embers in vertebrates, and conserved interactions be-
ween vertebrate Wnt and Dvl genes have been demon-
trated using axis duplication assays in microinjected Xe-
opus oocytes (Sokol, 1996). Analysis of WNT signaling in
ammalian development has been hampered by the rela-
ive inaccessibility of mammalian embryos, although gene
argeting experiments have revealed developmental func-
ions for Wnt genes and behavioral and neurological abnor-
alities in mice lacking a Dvl gene (reviewed in Cadigan
nd Nusse, 1997).
We show here that a member of the Wnt gene family,
nt3, which was originally identified as a proto-oncogene
n mouse mammary tumors (Roelink et al., 1990), is ex-
ressed in developing and mature mouse hair follicles. We
emonstrate that Dishevelled 2 (DVL2) protein (Klingen-
mith et al., 1996), a relative of Drosophila DSH, is specifi-
ally expressed at high levels in early anagen in a subset of
ells in the outer root sheaths of hair follicles, and through-
ut anagen in precortical and precuticle cells, which lie
mmediately adjacent to Wnt3-expressing cells and which
re in the process of differentiating into the hair shaft.
verexpression of Wnt3 in the skin and hair follicles of
ransgenic mice produces a phenotype of short hair due to
ltered differentiation of hair shaft precursor cells and
auses cyclical balding resulting from defects in hair shaft
tructure and composition. The short-hair phenotype is
imicked by overexpression of Dvl2, supporting the hy-
othesis that Wnt3 and Dvl2 can act in the same pathway
n the control of hair growth. In contrast, analysis of the
tructure of zigzag hairs and the results of genetic crosses
uggest that Wnt3 and Fgf5, a known regulator of the hair
rowth cycle, operate independently and control different
spects of hair growth.
a
w
Copyright © 1999 by Academic Press. All rightMATERIALS AND METHODS
In Situ Hybridization
The Wnt3 probe was a 1.2-kb SalI–EcoRI fragment corresponding
to the noncoding and nonconserved region of the gene cloned in
pGEM-3Zf(1) (Roelink and Nusse, 1991). Antisense and sense
Wnt3 probes were generated using T7 polymerase to transcribe
SalI-linearized template and Sp6 polymerase to transcribe EcoRI-
inearized template. Transcription reactions included digoxygenin–
TP (Boehringer Mannheim) or [35S]UTP. 35S-labeled probes were
subjected to alkaline hydrolysis prior to hybridization.
For in situ hybridization with 35S-labeled probes, mouse embryos
were obtained from naturally mated 129/SvJ animals from The
Jackson Laboratory and mouse pups at postnatal day 1 were from
naturally mated CD1 parents. Fixation, embedding, sectioning of
embryos and pups, in situ hybridization, washing, and counter-
staining were as described previously (Millar et al., 1995). Postnatal
skin samples for in situ hybridization experiments with
digoxygenin-labeled probes were obtained from the middorsum of
FVB mice from Simonsen. Fixation of skin samples, embedding in
OCT medium, preparation, permeabilization and postfixation of
frozen sections, and in situ hybridization were carried out as
described previously (Millar et al., 1995). Sections were photo-
graphed using a Nikon Microphot-FXA microscope and Kodak
Ektachrome 64T color slide film.
Production of Antibody to DVL2
To generate a GST fusion with Dvl2, a 963-bp SalI to XhoI
fragment of Dvl2 cDNA which contains the open reading frame
encoding the 86 most carboxy-terminal amino acids was inserted
into the SalI and XhoI sites of the pGEX4T-2 expression vector
(Pharmacia). The DVL2–GST fusion protein was expressed and
purified using glutathione Sepharose CL4B beads (Pharmacia) as
described by the manufacturer. Rabbits were injected every 2
weeks with 200 mg of purified GST fusion protein. Bleeds from
immunized rabbits were tested by Western blotting on whole-cell
lysates of Cos-1 cells transiently overexpressing DVL2. One hun-
dred days after initial immunization, the rabbits were exsangui-
nated and the serum was collected. Antisera were affinity purified
against immobilized fusion protein covalently coupled to Sepha-
rose using the Pierce AminoLink Plus Immobilization Kit. Eluate
fractions were analyzed for immunoreactivity to DVL2 transiently
overexpressed in Cos-1 cells.
Immunofluorescence
Dissected skin was fresh frozen in OCT compound, sectioned at
6–8 mm, and collected on glass slides. The following previously
described antisera were used: affinity-purified b-catenin antiserum
(1:100) (Nathke et al., 1994) and AE13 (1:1) (Lynch et al., 1986).
Affinity-purified antibody to DVL2 was used at a dilution of 1:100.
For staining with anti-b-catenin, sections were fixed for 10 min at
°C in 4% paraformaldehyde in 0.1 M Pipes, 2 mM EGTA, 1 mM
gSO4, pH 6.95, washed in phosphate-buffered saline (PBS), and
locked in 5% goat serum. For anti-DVL2 single-labeling experi-
ents a similar protocol was followed except that fixation was in
% paraformaldehyde in PBS. Sections were incubated overnight at
°C in primary antibodies diluted in PBS containing 5% goat serum
nd 0.1% Triton X-100, washed in PBS/0.1% Triton, and incubated
ith fluorescein-conjugated goat secondary antibodies against rab-
s of reproduction in any form reserved.
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136 Millar et al.bit IgG diluted 1:50 (The Jackson Laboratory). For double labeling
with anti-DVL2 and AE13, sections were postfixed in 1% parafor-
maldehyde in PBS for 10 min at 4°C, washed in PBS, permeabilized
in methanol for 5 min at 4°C, washed in PBS, and blocked in 12%
bovine serum albumin for 30 min. Incubation with anti-DVL2 and
AE13 was carried out in PBS containing 5% goat serum and 0.1%
Tween 20. Anti-DVL2 was detected with rhodamine-conjugated
donkey anti-rabbit IgG and AE13 with FITC-conjugated donkey
anti-mouse IgG (1:100) from Jackson ImmunoResearch Labs.
Samples were mounted in Vectashield H-1000 (Vector Laborato-
ries, Inc.) and examined by confocal microscopy.
Construction of Transgenes and Production of
Transgenic Mice
To construct a cassette for expression of cDNA fragments a
2-kb fragment containing the human keratin 14 (K14) promoter
(Vassar and Fuchs, 1991) was ligated between the EcoRI and
BamHI sites of Bluescript (Stratagene). To provide introns and a
polyadenylation site for transgene transcripts we used a crippled
version of the human growth hormone (hGH) gene into which a
rameshift mutation had been introduced by destroying a BglII
ite in the last exon (Ornitz et al., 1991). A 2-kb BamHI fragment
ontaining the crippled hGH gene was inserted into the XbaI site
f the K14-Bluescript construct. cDNAs were inserted into the
assette at a unique BamHI site between the K14 and hGH
equences. A cDNA containing 508 bp of 59 human Wnt3 cDNA
nd 631 bp of 39 mouse Wnt3 cDNA ligated together at a
onserved PstI site and encoding a hybrid human–mouse WNT3
rotein was inserted into the BamHI site of the cassette to create
ransgene K14-Wnt3. Transgene K14-Dvl2 was constructed by
nsertion into the K14-hGH cassette of a 2638-bp EcoRI–HindIII
ragment of mouse Dvl2 cDNA clone 11 (Klingensmith et al.,
996) containing the entire coding region for DVL2. Transgenes
ere released from plasmid vector sequences by digestion with
coRI and were microinjected into the nuclei of FVB/N or
57BL/6J 3 FVB/N embryos. Transgenic animals were identified
y Southern blot analysis of DNA prepared from tail biopsies
nd digested with BamHI or EcoRI, using 32P-labeled Wnt3 and
Dvl2 cDNA fragments or hGH sequences as probes and standard
techniques (Maniatis et al., 1989).
Hair-Length Measurements
Measurements of overall hair length and of the sizes of indi-
vidual zigzag hair segments were made using a Nikon SMZ-U
microscope. A Nikon FX-35DX camera was used for dark-field
photography of hair shafts at low magnification.
Histology and BrdU Incorporation Experiments
Skin for histological analysis was fixed in 4% paraformaldehyde,
paraffin embedded, sectioned at 6mm, mounted on glass slides, and
stained with hematoxylin and eosin. For BrdU incorporation ex-
periments a Cell Proliferation Kit (RPN 20) from Amersham was
used. Littermates at postnatal day 9 were injected with 0.1 ml
labeling reagent per 10 g body weight and were sacrificed after 4 h.
Skin was dissected from the middorsum, fixed in 4% paraformal-
dehyde, and paraffin embedded and 6 mm sections were cut.
ewaxing of sections and immunocytochemical detection of BrdU
ere done according to the manufacturer’s instructions. Genotyp-
ng was carried out as described above.
Copyright © 1999 by Academic Press. All rightBreeding Experiments
B6.C-Fgf5go/Fgf5go mice were obtained from The Jackson Labora-
ory and were bred to TgN(K14-Wnt3)7 and TgN(K14-Dvl2)7 ani-
mals. Genotyping of the Fgf5 locus in the progeny of F1 intercrosses
was carried out by isolating DNA from tail biopsies, digesting with
HindIII, Southern blotting, and probing with an 800-bp EcoRI–
BamHI fragment containing a full-length Fgf5 cDNA (Hebert et al.,
1990). This probe detects an altered pattern of HindIII fragments in
Fgf5go/Fgf5go DNA caused by a deletion encompassing exon 1 of the
Fgf5 gene (Hebert et al., 1994).
Analysis of Hair Shaft Structure by Light and
Scanning Electron Microscopy
Light microscopic analysis of hair shaft internal structures was
carried out using a Leica Wild M10 microscope and Leica Wild
MPS52 camera. For scanning electron microscopy, plucked hairs
were mounted on aluminum stubs, sputter coated with gold, and
examined with a Philips SEM505 scanning electron microscope.
Protein Analysis of Hair Samples
Hairs plucked from the dorsum were washed successively
with ether, ethanol, water, and ethanol and air dried. Hair
proteins were extracted essentially as described (Raphael et al.,
1984). Briefly, approximately 10 mg of each hair sample was
extracted for 5 h at room temperature under nitrogen with
shaking in 8 M urea, 0.1 M dithiothreitol, 0.05 M Tris, pH 9.5,
using 100 ml solution per milligram of hair. Extracts were
onicated for 2 min and extraction was then continued over-
ight. Extracts were spun in a benchtop microfuge to remove any
nsoluble material. The proteins in 100 ml of each extract were
-carboxymethylated with iodo[2-14C]acetic acid (53 mCi/mmol;
Amersham) as described (Raphael et al., 1984). Equal numbers of
TCA-precipitable counts for each sample were analyzed by
two-dimensional gel electrophoresis according to the method of
O’Farrell (1975) by Kendrick Labs, Inc. (Madison, WI) as follows.
Isoelectric focusing was carried out in glass tubes of inner
diameter 2.0 mm, using 2% pH 4 – 6 ampholines (LKB), for 9600
volt-hours. The final tube gel pH gradient was measured using a
surface pH electrode. After equilibration for 10 min in Buffer O
(10% glycerol, 50 mM dithiothreitol, 2.3% SDS, and 0.0625 M
Tris, pH 6.8) the tube gels were sealed to the top of a 10%
acrylamide slab gel (0.75 mm thick) and SDS slab gel electro-
phoresis was carried out for 4 h at 12.5 mA/gel. The following
14C-labeled molecular weight markers were added to a well in
the agarose that seals the tube gel to the slab gel: myosin
(200,000 kDa), phosphorylase b (97,400 kDa), bovine serum
albumin (69,000 kDa), ovalbumin (46,000 kDa), carbonic anhy-
drase (30,000 kDa), and lysozyme (14,300 kDa). The slab gels
were fixed in a solution of 10% acetic acid, 50% methanol
overnight. The next day the gels were treated with EnHance
(NEN) and dried onto filter paper. Fluorography was carried out
using Kodak X-OMAT AR film with an overnight exposure and
an exposure of 8 days at 270°C. The films were developed using
Kodak developer and fixer.
s of reproduction in any form reserved.
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137WNT Signaling in Hair GrowthRESULTS
Wnt3 Is Expressed in Embryonic Epidermis and in
Developing and Mature Hair and Whisker Follicles
A possible role for WNT signaling in controlling differ-
entiation or proliferation in the skin and hair follicles was
investigated by carrying out in situ hybridization experi-
ments on embryonic and postnatal mouse skin using a
probe for Wnt3. We and others have previously shown that
several members of the Wnt family, including Wnt3, Wnt4,
nt7a, Wnt10a, and Wnt10b, are expressed in developing
and mature skin and hair and feather follicles (Christiansen
et al., 1995; Chuong et al., 1996; Nusse and Varmus, 1992;
Saitoh et al., 1998; Tanda et al., 1995; Wang and Shackle-
ford, 1996). We chose to study Wnt3 because it is tran-
scribed in the embryonic ectoderm preceding stratification
of the epidermis (Roelink and Nusse, 1991), shows a strik-
ing expression pattern in the developing epidermis through-
FIG. 2. Expression of Wnt3 in embryonic and postnatal mouse sk
E13.5 mouse embryo hybridized with an 35S-labeled antisense prob
43. Wnt3 message is detected in the epidermis and developing wh
of part of the whisker plate region of the section shown in (A). (C) D
in the matrix cells of whisker follicles. (D) Dark-field view of a secti
and photographed at 203. (E and F) Section of neck skin from a mou
exposed for 10 days, and photographed at 203 with bright-field
interfollicular epidermis and in the bulbs of developing hair foll
hybridized with a sense probe for Wnt3 and photographed at 203.out the later stages of embryogenesis (see below), and begins
to be expressed in hair follicles at the onset of terminal
Copyright © 1999 by Academic Press. All rightdifferentiation of the hair shaft, suggesting a possible role in
controlling this process (see below). Furthermore, the ex-
pression pattern of Wnt3 is distinct from that of other Wnt
genes whose expression pattern has been described in
mouse or chick skin.
The results of our in situ hybridization studies demon-
strated that Wnt3 is expressed at high levels in the developing
embryonic epidermis and in the epidermal matrix cells of
developing whisker follicles (Figs. 2A, 2B, 2C, and 2D). Expres-
sion in hair follicles was not detected until around the time of
birth, when transcripts are present in keratinocytes of the
follicle bulb and in the interfollicular epidermis (Figs. 2E, 2F,
and 2G). By postnatal day 9, when the hair follicles are in
midanagen, Wnt3 expression is seen in central cells that are in
the process of differentiating into the hair shaft medulla (Figs.
3A and 3B). These results suggest that Wnt3 is unlikely to be
involved in the early steps of hair follicle formation, which
occur at approximately day 14 of mouse embryogenesis, but
) Dark-field view of ventral regions of a parasagittal section of an
Wnt3, exposed for 10 days, and photographed at a magnification of
follicles. (B) Higher magnification (original 203) bright-field view
-field view of (B). Hybridization signal is seen in the epidermis and
jacent to that shown in (C) hybridized with a sense probe for Wnt3
up at postnatal day 1 hybridized with an antisense probe for Wnt3,
nd dark-field (F) illumination. Wnt3 message is detected in the
. (G) Dark-field view of a section adjacent to that shown in (F)in. (A
e for
isker
ark
on ad
se p
(E) amay play roles in development of the epidermis and in
controlling hair growth in postnatal hair follicles.
s of reproduction in any form reserved.
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139WNT Signaling in Hair GrowthGenes Likely to Be Required for WNT3 Signaling
Are Expressed in Hair Follicles
WNT signaling pathways in Drosophila and verte-
rates require several conserved genes, including mem-
ers of the Dishevelled family, the TCF/LEF family, and
the armadillo/b-catenin family (Cadigan and Nusse,
1997). Lef1 has previously been shown to be expressed in
developing and mature mouse hair follicles and to be
necessary for follicle development (van Genderen et al.,
1994; Zhou et al., 1995). To determine whether other
genes likely to be required for WNT3 signaling are
expressed in postnatal hair follicles, immunolocalization
experiments with antibodies to mouse b-catenin and
VL2 proteins were performed. b-Catenin immunofluo-
rescence is bright throughout the living cell layers of the
interfollicular epidermis (data not shown) and in all the
epidermal cells of anagen hair follicles except for termi-
nally differentiated cells of the hair shaft, and is weaker,
but present, in the interfollicular dermis and follicle
dermal papilla (Fig. 3C). Nuclear localization of b-catenin
as not observed in these experiments, but low-level
uclear staining may have been obscured by the very
right membrane staining, especially in epidermal cells.
VL2 immunofluorescence is very weak in the interfol-
icular epidermis and dermis (data not shown). However,
n postnatal hair follicles during early anagen (postnatal
ay 5) specific, intense cytoplasmic and cell membrane
taining for DVL2 is observed in internal follicular epi-
ermal cell layers that surround the central Wnt3-
xpressing cells (Fig. 3D) and in a subset of cells in the
uter root sheath at the same vertical level in the follicle
s the Wnt3-expressing cells (Fig. 3D, indicated by an
rrow). DVL2 staining persists in cell layers adjacent to
he Wnt3-expressing cells during later stages of anagen
hen the staining of outer root sheath cells appears to
ade (Fig. 3E). To determine the identity of the internal
VL2-expressing cells, a double-labeling experiment was
arried out using anti-DVL2 and AE13, an antibody
pecific for keratins of the hair shaft cortex and cuticle
Lynch et al., 1986) (Figs. 3E and 3F). Images generated
ith the two antibodies were combined, demonstrating
FIG. 3. Expression of segment polarity gene homologs in matur
mouse hair follicle at postnatal day 9 hybridized with a digoxygenin
of the hair shaft medulla (arrow). (B) A section adjacent to
Immunofluorescence staining of a transverse frozen section through
to b-catenin. Immunofluorescence for b-catenin is strong in epider
mmunostaining was negative when the primary antibody was om
f a middorsal hair follicle at postnatal day 5 with an antibody to D
arrow) and in several internal cell layers of the hair follicle. (E, F,
hrough middorsal hair follicles at postnatal day 9 with anti-D
emonstrating that internal follicular cells which initially express h
or the hair shaft cortex and cuticle, as they migrate upward in the
as negative when the primary antibodies were omitted. (H) Summary
nd Wnt3 and Lef1 mRNAs in anagen hair follicles. *Data for Lef1 are
Copyright © 1999 by Academic Press. All righthat the stream of cells expressing DVL2 is destined to
ifferentiate into the hair shaft cortex and cuticle (Fig.
G). The strong staining for DVL2 in hair shaft precorti-
al and precuticle cells suggests that these cells may be
apable of responding to a WNT3 signal from premedulla
ells and that one of the possible functions of WNT3 in
he hair follicle might be in the regulation of hair shaft
ifferentiation.
Overexpression of Wnt3 or Dvl2 in Transgenic
Skin Produces Similar Short-Hair Phenotypes
To investigate the functions of Wnt3 and Dvl2 in the skin
nd hair follicles, cDNAs for each gene were placed under
he control of a human K14 promoter fragment which
rives transcription in the basal layer of the epidermis and
n the outer root sheaths of hair follicles (Vassar and Fuchs,
991) and these constructs were used to produce transgenic
ice (Fig. 4A). Five lines of K14-Wnt3 transgenic animals
ere generated. Two of these lines (TgN(K14-Wnt3)4 and 5)
ore low (5–10) copy numbers of the transgene and showed
o skin phenotype. The other three lines (TgN(K14-Wnt3)7,
, and 11) carried 20 or more copies of the transgene and
isplayed a phenotype of short hair which persisted
hroughout the life of the animals (Fig. 4B). Two lines
TgN(K14-Dvl2)7 and 2) and one additional founder animal
arrying 1–10 copies of the K14-Dvl2 transgene were gen-
rated and all showed a short-hair phenotype similar to that
f the TgN(K14-Wnt3) animals (Fig. 4D), consistent with
he hypothesis that Wnt3 and Dvl2 are capable of acting in
he same pathway to control hair length. Transgene expres-
ion from the K14 promoter was detected in basal cells of
he interfollicular epidermis and in the outer root sheaths of
air follicles, as described previously (Vassar and Fuchs,
991) (data not shown).
The mouse coat contains three major types of hair: long
uard hairs and shorter hairs, awls and zigzags, that consti-
ute the underfur (Sundberg and Hogan, 1994). Guard and
wl hairs from the dorsum and ventrum of three transgenic
nimals and three nontransgenic littermates from each of
ines TgN(K14-Wnt3)7, TgN(K14-Dvl2)7, and TgN(K14-
vl2)2 were plucked at postnatal day 21 and their lengths
gen hair follicles. (A) Longitudinal frozen section of a middorsal
eled antisense probe for Wnt3. Wnt3 is expressed in precursor cells
shown in (A), hybridized with a sense probe for Wnt3. (C)
base of a middorsal hair follicle at postnatal day 4 with an antibody
ells of the follicle and weaker in the dermal papilla (central cells).
(D) Immunofluorescence staining of a longitudinal frozen section
Strong staining is seen in a subset of cells of the outer root sheath
G) Double-labeling immunofluorescence of a longitudinal section
(E) and AE13 (F). (E) and (F) are shown superimposed in (G),
levels of DVL2 begin to produce AE13 antigens, which are markers
le and become progressively more differentiated. Immunostaininge ana
-lab
that
the
mal c
itted.
VL2.
and
VL2
igh
follic
diagram of the expression patterns of b-catenin and DVL2 proteins
from Zhou et al. (1995).
s of reproduction in any form reserved.
ls
rying
140 Millar et al.were measured (Table 1). All three of these lines were
FIG. 4. Mice carrying K14-Wnt3 and K14-Dvl2 transgenes have sim
transgenes showing the EcoRI (RI) sites used for releasing transgene s
Wnt3 and Dvl2 cDNAs, and poly(A) addition signals (pA) contribute
TgN(K14-Wnt3)7 (B) and TgN(K14-Dvl2)7 (D) shown in the foregroun
horter fur than their nontransgenic littermates. (C and E) Repre
TgN(K14-Dvl2)7 transgenic and nontransgenic littermates at postnata
and the transgenic hair on the right. Guard hairs are shown to the lef
is reduced in length by approximately 30% in transgenic animals carmaintained on an inbred FVB/N background. For each line
both dorsal and ventral hairs were significantly reduced in
w
w
Copyright © 1999 by Academic Press. All rightength (P , 4 3 1028) by approximately 30%. Zigzag hairs
hort-hair phenotypes. (A) Structures of the K14-Wnt3 and K14-Dvl2
ces from the plasmid vector, translation start and stop signals in the
hGH gene sequences. (B and D) 3-week-old transgenic mice of lines
th nontransgenic littermates behind them. Transgenic animals have
tive hairs plucked from the middorsum of TgN(K14-Wnt3)7 and
21. For each pair of hairs, the nontransgenic hair is shown on the left
l hairs in the middle, and zigzag hairs to the right. Each type of hair
either K14-Wnt3 or K14-Dvl2.ilar s
equen
d by
d wi
senta
l day
t, awere reduced in length similarly (Figs. 4C, 4E, and 5), as
ere whisker hairs (data not shown).
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141WNT Signaling in Hair GrowthThe Decrease in Hair Length in TgN(K14-Wnt3)
and TgN(K14-Dvl2) Mice Is Not Due to Premature
Onset of Catagen
The observed decrease in the hair length of Wnt3 and
vl2 transgenic animals could be due to a premature
ransition of follicles from the anagen to the catagen phase
f the hair growth cycle, or it might be caused by defects in
he proliferation or differentiation of hair matrix cells or
heir derivatives. Histological examination of skin from
ransgenic animals and nontransgenic littermates during
he first hair cycle did not reveal major differences in the
iming of catagen (data not shown). To examine possible
ffects of transgene expression on the hair growth cycle
ore precisely, we examined the shape of zigzag hairs in
he underfur of transgenic animals and their nontransgenic
ittermates. In wild-type animals zigzag hairs display one
inor and two major constrictions which cause the hairs to
end into their characteristic segmented shape (Sundberg
nd Hogan, 1994) (Figs. 4C and 4E). A delayed onset of
atagen in mice homozygous for a null mutation of the Fgf5
ene (Fgf5go) causes hair lengths that are approximately
150% those of wild-type hairs and results in the appearance
of an extra segment in the zigzag hairs (Hebert et al., 1994;
Pennycuik and Raphael, 1984). We reasoned that if catagen
begins prematurely in TgN(K14-Wnt3) and TgN(K14-Dvl2)
follicles, this should be reflected by a phenotype opposite to
that observed in Fgf5 null hair, i.e., the hair shafts should be
truncated and zigzag hairs should display fewer constric-
tions than wild-type hairs. Ten zigzag hairs were plucked
from each of three transgenic animals and three nontrans-
genic littermates from each of lines TgN(K14-Wnt3)7 and
TgN(K14-Dvl2)7 at postnatal day 21, and the lengths of the
TABLE 1
Hair-Length Measurements for TgN(K14-Wnt3) and TgN(K14-Dvl2
Transgenic line
No. of
animals
Dorsal
Guard A
Non-Tg Tg Non-Tg
TgN(K14-Wnt3)7 3 9.5 6 0.2 6.6 6 0.2 6.4 6 0.2
(n 5 13) (n 5 9) (n 5 14)
TgN(K14-Dvl2)7 3 9.0 6 0.2 7.15 6 0.09 6.4 6 0.2
(n 5 11) (n 5 16) (n 5 15)
TgN(K14-Dvl2)2 3 10.4 6 0.4 6.8 6 0.1 6.3 6 0.1
(n 5 10) (n 5 10) (n 5 16)
Note. Average measurements for hair length are shown with sta
beneath each value. Hairs were taken in approximately equal numb
hair length between nontransgenic and transgenic littermates were
lines.hair shaft segments were measured. The overall shapes of
transgenic and nontransgenic zigzag hairs were found to be
Copyright © 1999 by Academic Press. All rightsimilar and obvious truncations were not observed. Instead,
each zigzag segment was significantly reduced in length
with P , 2 3 1025, except for the uppermost segment for
which P , 0.13, compared to the corresponding segment in
nontransgenic hair (Fig. 5). These results demonstrate that,
in contrast to the effects of the Fgf5go mutation, the primary
effects of expression of the Wnt3 or Dvl2 transgenes are not
on the timing of catagen. Therefore it is likely that the
short-hair phenotypes are caused by defects in the prolifera-
tion or differentiation of hair shaft precursor cells. BrdU-
labeling experiments carried out on pups at postnatal day 9
did not reveal consistent differences in the labeling index of
hair bulbs of transgenic and nontransgenic littermates (data
not shown), suggesting that Wnt3- or Dvl2-induced short
hair is caused by an alteration in the differentiation of hair
shaft precursor cells.
The Decrease in Hair Length in TgN(K14-Wnt3)
and TgN(K14-Dvl2) Mice Does Not Require the
Action of FGF5
The effects on zigzag hair structure of Fgf5 deficiency
compared to overexpression of Wnt3 or Dvl2 suggest that
FGF5 and WNT3 signaling control independent aspects of
hair growth. To test directly for interactions between these
pathways we analyzed the phenotypes of Wnt3 and Dvl2
transgenic animals on an Fgf5go/Fgf5go background.
TgN(K14-Wnt3)7 and TgN(K14-Dvl2)7 transgenic animals
(maintained on an inbred FVB/N background) were crossed
to B6.C mice homozygous for the Fgf5go mutation, and
transgenic progeny were then intercrossed, yielding off-
spring that carried no, one, or two copies of each transgene
insertion and that were either wild type or heterozygous or
ntransgenic and Transgenic Littermates at Postnatal Day 21
Hair length in mm
Ventral
Guard Awl
Tg Non-Tg Tg Non-Tg Tg
6 6 0.1 6.8 6 0.1 4.99 6 0.09 5.0 6 0.1 3.5 6 0.1
5 16) (n 5 13) (n 5 16) (n 5 14) (n 5 15)
4 6 0.1 6.89 6 0.05 4.84 6 0.07 4.74 6 0.07 3.05 6 0.05
5 14) (n 5 13) (n 5 13) (n 5 15) (n 5 15)
6 6 0.1 6.6 6 0.1 4.7 6 0.1 4.73 6 0.08 2.95 6 0.08
5 14) (n 5 9) (n 5 10) (n 5 12) (n 5 13)
d errors. The number of hairs measured in each case (n) is shown
rom each of the 3 animals of each genotype. The average values for
istically different with P , 4 3 1028 for each hair type in all three) No
wl
4.
(n
4.
(n
4.
(n
ndar
ers fhomozygous mutant for the Fgf5 gene. Genotypes were
determined by Southern blot analysis using Wnt3, Dvl2,
s of reproduction in any form reserved.
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142 Millar et al.and Fgf5 cDNA probes. Ten to twenty zigzag hairs were
lucked from each of three or four mice of each different
enotype at postnatal day 21 and their shapes and segment
engths analyzed. A comparison of nontransgenic wild-type
nd Fgf5go/Fgf5go hairs revealed the presence of an extra
segment as well as increases in the lengths of several of the
zigzag segments in Fgf5go/Fgf5go hairs (Figs. 6B and 6C;
Table 2), as has been described previously (Pennycuik and
Raphael, 1984). Thus, while the major effect of a null
mutation in Fgf5 is on the transition from anagen to catagen
(Hebert et al., 1994; Pennycuik and Raphael, 1984), this
gene has additional minor functions during anagen.
TgN(K14-Wnt3) or TgN(K14-Dvl2) transgenic animals that
were also homozygous for Fgf5go had hair that was interme-
diate in length between short transgenic hair and long Fgf5go
hair, but these animals could easily be distinguished from
wild type by their fluffy appearance (Fig. 6A). Zigzag hairs
from transgenic animals homozygous for Fgf5go had a shape
imilar to that of nontransgenic Fgf5go/Fgf5go hair, i.e., they
ontained an extra segment; however, the length of each
egment was reduced (Figs. 6B and 6C; Table 2). The
eductions in segment length between Fgf5go/Fgf5go trans-
genic and nontransgenic hairs were comparable to those
FIG. 5. Schematic representation of the effects of K14-Wnt3 and
lengths of each segment of 10 zigzag hairs plucked from the underfu
TgN(K14-Wnt3)7 and TgN(K14-Dvl2)2 at postnatal day 21 are sho
animals from the two lines were pooled. Segment-length measur
mutation at postnatal day 21 were taken from the experiment des
length in transgenic, Fgf5 1/1 hairs compared with nontransgenic,
for the uppermost segment for which P , 0.13.observed between transgenic and nontransgenic hairs on a
nonmutant mixed genetic background and on an inbred
t
p
Copyright © 1999 by Academic Press. All rightFVB/N background, and were very similar for the Wnt3 and
Dvl2 transgenes. These additive phenotypes demonstrate
that FGF5 is not required for the reduction in hair length
caused by the transgenes and suggest that overexpression of
Wnt3 or Dvl2 cannot compensate for loss of function of
GF5. Thus WNT signaling and FGF5 signaling act inde-
endently in the hair follicle and regulate different aspects
f hair growth.
Overexpression of Wnt3 Causes Defects in Hair
Shaft Structure and a Phenotype of Cyclical
Balding
In addition to a short-hair phenotype, mild hair loss,
particularly around the ears, was observed in aging homozy-
gous animals of line TgN(K14-Wnt3)8 and in heterozygous
transgenic animals of line TgN(K14-Wnt3)7 that was not
seen in nontransgenic littermates, suggesting that expres-
sion of the K14-Wnt3 transgene might affect the integrity of
he hair shaft as well as altering hair growth. The pheno-
ypes of mice carrying high copy numbers of the Wnt3
ransgene provided strong evidence for this. Homozygous
ransgenic mice of line TgN(K14-Wnt3)7 and heterozygous
vl2 transgenes on the shape and size of zigzag hairs. The average
ach of three transgenic and three nontransgenic littermates of lines
n millimeters, with standard errors. The values for nontransgenic
ts on nontransgenic hairs from mice homozygous for the Fgf5go
d in Table 2. Using a two-tailed t test, the reductions in segment
1/1 hairs were statistically significant with P , 2 3 1025, exceptK14-D
r of e
wn i
emen
criberansgenic animals of line TgN(K14-Wnt3)11 carried ap-
roximately 50 copies of the transgene and showed a
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t
w
n
f
h
T
W
e
c Fgf
of an
143WNT Signaling in Hair Growthdramatic phenotype of cyclical balding, in addition to the
short-hair phenotype (Fig. 7A). Hair growth appeared nor-
mal until about 2 weeks after birth, when the fur looked
sparser than in nontransgenic littermates. Hair loss was
apparent by postnatal day 18, when the hairs are in the
telogen (resting) phase of the growth cycle. Regrowth of
short hair was seen approximately 10 days later. In older
animals, synchronicity of hair growth is restricted to
patches (Chase and Eaton, 1959). This was reflected in
FIG. 6. FGF5 is not required for the actions of K14-Wnt3 and
littermates: TgN(K14-Wnt3)7 transgenic and wild-type at the Fg
homozygous for the Fgf5go mutation (center; intermediate hair leng
hair). (B and C) Representative zigzag hairs plucked at postnatal d
mutant animals of lines TgN(K14-Wnt3)7 and TgN(K14-Dvl2)7. Hai
mutation are intermediate in length between hairs from transgeni
distinguished from nontransgenic, Fgf5 1/1 hairs by the presence
TABLE 2
Segment Lengths of Zigzag Hairs Plucked from Nontransgenic and
Genotype
No. of
animals Segment 1 Segm
Non-Tg; 4 1.41 6 0.02 1.64 6
Fgf51/1 (n 5 56)
Non-Tg; 3 1.62 6 0.04a 1.76 6
Fgf5go/Fgf5go (n 5 33)
TgN(K14-Wnt3)7; 3 1.38 6 0.02b 1.31 6
Fgf5go/Fgf5go (n 5 38)
TgN(K14-Dvl2)7; 3 1.39 6 0.02b 1.34 6
Fgf5go/Fgf5go (n 5 30)
Note. Average values for segment length are shown with standa
of the animals for each genotype. The total number of hairs me
nontransgenic and transgenic hairs were compared on this mixed st
segment lengths of transgenic zigzag hairs were comparable to thoa Significantly different from corresponding segment in Non-Tg; Fgf5
b Significantly different from corresponding segment in Non-Tg; Fgf5
Copyright © 1999 by Academic Press. All rightransgenic animals by the appearance of balding areas that
ere periodically replaced by short hair. The hair loss was
ot due to systemic effects of transgene expression, since a
ounder animal mosaic for the transgene displayed stripes of
air loss alternating with stripes of normal hair (Fig. 7B).
he phenotype of this founder also demonstrates that
NT3 acts with a restricted radius of action in the skin, as
xpected for a paracrine signaling molecule.
To investigate the basis of the balding phenotype, hairs
-Dvl2 transgenes. (A) Phenotypes of singly and doubly mutant
cus (left of picture; short hair), TgN(K14-Wnt3)7 transgenic and
ontransgenic and homozygous for the Fgf5go mutation (right; long
from the dorsum of wild-type nontransgenic, singly and doubly
cked from transgenic animals that were homozygous for the Fgf5go
5 1/1 animals and nontransgenic Fgf5go homozygotes, but can be
extra zigzag segment.
nsgenic Animals Carrying Different Alleles of the Fgf5 Gene
Segment length in mm
Segment 3 Segment 4 Base
1.22 6 0.03 — 0.80 6 0.04
1.24 6 0.03 0.88 6 0.02 1.05 6 0.04a
a,b 0.90 6 0.02a,b 0.59 6 0.02b 0.72 6 0.02b
a,b 0.94 6 0.01a,b 0.62 6 0.02b 0.73 6 0.03b
ors. Hairs were taken in approximately equal numbers from each
d (n) is shown beneath the number of animals. When wild-type
background, reductions in overall transgenic hair length and in the
en on an inbred background (data not shown).K14
f5 lo
th), n
ay 21
rs pluTra
ent 2
0.02
0.05
0.03
0.02
rd err
asure
rain
se se1/1 (P , 0.0001).
go/Fgf5go (P , 0.0001).
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nontransgenic and homozygous transgenic littermates, visualized
by light microscopy. The internal medulla of the hair shaft appears
144 Millar et al.
Copyright © 1999 by Academic Press. All rightwere plucked from high-copy-number K14-Wnt3 transgenic
animals and nontransgenic littermates during the telogen
phase of the first hair growth cycle and were examined by
light and scanning electron microscopy. The medulla of the
hair shaft is seen under light microscopy as a series of
regular air-filled spaces and appeared normal in transgenic
hair (Fig. 7C). However, the transgenic hair shaft cuticle had
material adhering to it that was not present on the surface
of wild-type hairs (Figs. 7C and 7D). More striking alter-
ations were seen at the base of transgenic hair shafts, which
instead of having a normal bulb shape were usually frac-
tured above the bulb; occasionally fractures were observed
within the bulb, as shown in the lower panels of Fig. 7D.
Histologically the skin appeared normal during the first
hair cycle except that telogen follicles were slightly dis-
tended. In subsequent hair cycles distention of the follicles
became more pronounced, and some of them contained
disorganized keratin fibers. Keratin-filled cysts, presumably
containing the bases of broken hairs, were observed in the
dermis (Fig. 8). Such cysts characteristically appear in the
skin of mouse mutants in which hair shaft keratinization is
abnormal, for example, in animals homozygous for the
Whnnu (nude) mutation (Brissette et al., 1996).
Overexpression of Wnt3 Results in Elevated Levels
of Several Hair Shaft Proteins
Hair shafts contain three major types of structural pro-
tein. The intermediate filament (IF) proteins (40–70 kDa),
also known as low-sulfur proteins, are assembled during
keratinocyte differentiation into filaments along the long
axis of the hair fiber and are embedded into a matrix formed
by high-sulfur (HS) proteins (11–26 kDa) and high-glycine/
tyrosine (HGT) proteins (6–9 kDa) (Powell et al., 1983). To
investigate whether the observed fragility of transgenic hair
shafts was associated with abnormal expression of hair
shaft proteins, protein extracts were examined by high-
resolution two-dimensional gel electrophoresis. Hairs
plucked from three matched pairs of heterozygous trans-
genic and nontransgenic littermates of line TgN(K14-
Wnt3)11 and three matched pairs of homozygous transgenic
and nontransgenic littermates of line TgN(K14-Wnt3)7
were extracted and radioactively labeled by S-car-
boxymethylation with iodo[2-14C]acetic acid prior to elec-
trophoresis and fluorography. No changes were observed in
similar in nontransgenic and transgenic hair, but the surface of the
transgenic shaft is abnormal. (D) Guard hairs plucked at postnatal
day 21 from TgN(K14-Wnt3)7 nontransgenic and homozygous
transgenic littermates, visualized by scanning electron micros-
copy. The transgenic hair shaft cuticle has a slightly ragged
appearance and has an abnormal amount of material adhering to it
(top). The base of the transgenic hair shaft has fractured within theFIG. 7. Hair shaft structural defects in high-copy-number K14-
Wnt3 transgenics. (A) Cyclical balding phenotype. Top: progeny of
a cross between two heterozygous TgN(K14-Wnt3)7 transgenic
mice at 3 weeks of age. The mouse in the left foreground is
heterozygous for the transgene insertion and has short hair; the
center mouse is nontransgenic; the mouse at the right is homozy-
gous for the transgene insertion and displays hair loss. Center: the
homozygous transgenic mouse shown in the top 1 week later, with
a regrowth of short hair. Bottom: the same homozygous transgenic
mouse at 14 weeks of age showing patchy hair loss. (B) Phenotype
of the TgN(K14-Wnt3)11 founder animal. This mouse was mosaic
for the transgene and displayed stripes of hair loss presumably
corresponding to clones of transgenic epidermal cells. Transgenic
progeny of this founder showed ubiquitous cyclical hair loss. (C)
Guard hairs plucked at postnatal day 21 from TgN(K14-Wnt3)7hair bulb (bottom). Fractures were also observed above the bulb
region in hair shafts from transgenic animals.
s of reproduction in any form reserved.
c
f
W
c
t
a
h
s
p
f
l
b
d
B
145WNT Signaling in Hair Growththe levels or mobility of the highly abundant IF proteins or
the HGT proteins (Fig. 9). However, the levels of several
proteins of between 14 and 26 kDa, which fall within the
molecular weight range for HS proteins, were increased
reproducibly in transgenic hair shaft extracts compared
with nontransgenic littermate hair extracts (Fig. 9, indi-
cated by arrows). The increases were greatest for hairs from
transgenic mice of line TgN(K14-Wnt3)11, which show a
more extreme balding phenotype than transgenic mice of
line TgN(K14-Wnt3)7.
DISCUSSION
FIG. 8. Histology of high-copy-number TgN(K14-Wnt3) skin. Hem
(C, D) skin from nontransgenic (A, C) and transgenic (B, D) Tg(K1
appear distended and large cysts containing disorganized keratin fi
) and 403 (C, D).Paracrine signaling by WNT proteins is used by a wide
variety of organisms during development to bring about
Copyright © 1999 by Academic Press. All righthanges in gene expression that affect cell adhesion, cell
ate, and cell proliferation. In the case of the best-studied
NT gene, wg, ectopic expression studies have been espe-
ially useful in their ability to delineate genetic pathways
hat might otherwise be obscured by autoregulatory circuits
nd to examine events that occur after embryogenesis. We
ave used an analogous approach to investigate WNT3
ignaling during mammalian hair growth as the expression
attern of Wnt3 during embryogenesis suggests that loss of
unction mutations in this gene would produce embryonic
ethality (Roelink and Nusse, 1991) and therefore would not
e informative about its role in hair growth. Our studies
emonstrate that Wnt3 is expressed in central cells of the
hair follicle that are precursors of the hair shaft medulla and
ylin and eosin-stained paraffin sections of middorsal (A, B) and ear
t3)11 animals at 10 weeks of age. In transgenic skin hair follicles
are seen in the dermis. Photographed at magnifications of 203 (A,atox
4-Wn
bersthat a putative effector molecule for WNT3 signaling,
DVL2, is present in outer root sheath cells at the same
s of reproduction in any form reserved.
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146 Millar et al.vertical level in the follicle as the Wnt3-expressing cells and
in hair shaft precursor cells that lie immediately adjacent to
Wnt3-expressing cells. Ectopic expression of Wnt3 in outer
FIG. 9. Two-dimensional gel electrophoresis of 14C-labeled protei
f line TgN(K14-Wnt3)11. Equal numbers of incorporated counts w
sing pH 4–6 ampholines in the first dimension and by SDS–PAGE
f hairs plucked from male littermates at 16 weeks of age: (A) no
ittermates at 7 months of age (from a different litter from that of A
s intermediate filament (IF) proteins or high glycine/tyrosine (HG
he well-characterized proteins of mouse, sheep, and human (Herbe
f abundant proteins running between 46 and 97 kDa are the IF prot
t 6–9 kDa are HGT proteins. Four proteins of between 14 and 26
indicated by arrows) fall within the molecular weight range of HS
ost S-carboxymethylated HS proteins have isoelectric points beloot sheath cells alters hair length and the protein content
nd structural integrity of the hair shaft, suggesting that
Copyright © 1999 by Academic Press. All rightNT signaling may normally play roles in controlling hair
rowth and the manner in which hair shaft precursor cells
ifferentiate. Overexpression of Dvl2 in the outer root
tracted from the hair shafts of nontransgenic and transgenic mice
oaded in each case. Proteins were resolved by isoelectric focusing
he second dimension. Gels were exposed for 8 days. (A, B) Extracts
sgenic, (B) transgenic. (C, D) Extracts of hairs plucked from male
B): (C) nontransgenic, (D) transgenic. Identification of protein spots
oteins was based on their position in the gel by comparison with
l., 1996; Marshall, 1983; Powell and Rogers, 1990). The two groups
The group of low-molecular-weight proteins of varying pI running
which show increased abundance in transgenic hair shaft extracts
ins (11–26 kDa), but cannot be unambiguously identified because
H 4 (Marshall, 1983).ns ex
ere l
in t
ntran
and
T) pr
rt et a
eins.
kDa
protesheath mimics the short-hair phenotype produced by ec-
topic expression of Wnt3, consistent with the hypothesis
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147WNT Signaling in Hair Growththat DVL2 can act as an effector of WNT signaling in the
control of hair growth. These phenotypes are clearly dis-
tinct from the many previously reported phenotypes pro-
duced by K14 promoter-driven transgenes (e.g., Guo et al.,
993; Oro et al., 1997; Saitou et al., 1995; Vassar and Fuchs,
1991) and so are likely to reflect specific effects of WNT
signaling in the hair follicle.
Ectopic Expression of a Wnt Gene and
Overexpression of a Dvl Gene Cause Altered Hair
Length
Wnt3 is normally expressed in premedulla cells of the
hair follicle, but its K14-driven ectopic expression in the
outer root sheath produces a short-hair phenotype. A simi-
lar phenotype is produced by K14-driven expression in the
outer root sheath of DVL2, which is predicted to be cell
autonomous. Thus the effects of these molecules on hair
growth may be mediated by outer root sheath cells. Since
other Wnt genes in addition to Wnt3 are expressed in the
skin and hair follicles (e.g., Christiansen et al., 1995; Saitoh
et al., 1998; Wang and Shackleford, 1996) we do not know
whether the effects of expression of Wnt3 in the outer root
heath on hair growth reflect one of the usual functions of
nt3 itself or mimic the action of some other Wnt gene(s)
ormally expressed in these cells. In either case, our results
uggest that WNT signaling normally plays a role in con-
rolling hair growth and that DVL2 expressed in the outer
oot sheath is capable of mediating this effect. Our data are
onsistent with the results of previous studies in Drosoph-
la showing that overexpression of Dsh can mimic the
ffects of WG signaling in cultured cells (Yanagawa et al.,
995) and in the eye (Tomlinson et al., 1997) and heart (Park
t al., 1996).
WNT Signaling in the Control of Hair Shaft
Structure
Although K14-driven expression of Wnt3 and K14-driven
expression of Dvl2 caused similar alterations in hair
growth, only the K14-Wnt3 transgenic animals displayed
air shaft structural defects and cyclical balding. As de-
cribed above, expression of the K14-driven transgenes is
imited to the interfollicular epidermis and the outer root
heath of hair follicles. However, WNT3 is predicted to be
secreted molecule capable of acting over several cell
iameters (Cadigan and Nusse, 1997; Roelink et al., 1990).
hus the effects of K14-driven Wnt3 expression on hair
shaft structure may be mediated by direct interactions
between WNT3 protein and hair shaft precursor cells.
While, as discussed above, we cannot rule out the possibil-
ity that ectopic expression of Wnt3 mimics the actions of
another Wnt gene normally expressed in the outer root
sheath, the normal expression pattern of Wnt3 in preme-
dulla cells together with the balding phenotype of trans-
genic TgN(K14-Wnt3) mice provide strong evidence that
one of the functions of Wnt3 in the hair follicle is in the
regulation of hair shaft differentiation.
Copyright © 1999 by Academic Press. All rightSince DVL2 is predicted to be a cell autonomous protein,
analysis of the phenotype of transgenic TgN(K14-Dvl2)
mice, in which DVL2 was overexpressed in outer root
sheath cells but not in precortical or precuticle cells, does
not address possible functions of this molecule in hair shaft
precursor cells. Therefore, the lack of hair shaft structural
defects in transgenic TgN(K14-Dvl2) mice does not rule out
the possibility that DVL2 expressed in hair shaft precursor
cells participates in the generation of hair shaft defects in
TgN(K14-Wnt3) animals, or that DVL2 is normally an
effector of WNT3 signaling in the hair shaft, as is suggested
by the expression patterns of these two genes. Alterna-
tively, downstream molecules other than DVL2 (for in-
stance, other DVL family members) might be responsible
for the effects of WNT3 on hair shaft structure.
In the light of our finding that WNT signaling in hair
follicles can affect the structure of the hair shaft and the
profile of hair shaft protein expression, it is interesting to
note that binding sites for LEF1, a transcription factor of a
class thought to be required for WNT signaling, are present
in the 59 flanking regions of all hair shaft-specific genes so
far analyzed, including at least five IF genes, three HGT
genes, and five genes encoding HS proteins (Zhou et al.,
1995). The hair proteins whose levels are increased by the
K14-Wnt3 transgene are in the molecular weight range for
HS proteins. However, additional biochemical studies will
be required for their identification and will be an important
first step in elucidating the mechanisms by which WNT
signaling can affect protein expression during differentia-
tion of the hair shaft. By contrast, the K14-Wnt3 transgene
did not affect the levels of IF or HGT proteins, consistent
with a report that Lef1 deficiency has no effect on expres-
sion of mRNA for the hair-specific IF protein HKA1 (van
Genderen et al., 1994).
WNT Signaling in Basal Cell Carcinoma
Because Wnt3 was first discovered as an oncogene in
mouse mammary carcinomas, we wondered at the outset of
our studies whether the K14-Wnt3 transgene might cause
kin tumors, particularly since wg is a target of hh signaling
in the Drosophila embryo (Ingham and Hidalgo, 1993), and
a K14-Shh transgene causes a BCC-like phenotype (Oro et
al., 1997). While it is possible that WNT3 signaling contrib-
utes to, but is not sufficient for, epidermal hyperprolifera-
tion, a likely explanation for the absence of skin tumors in
our transgenic animals is that Wnt3 is not a target of Shh
signaling in mammalian skin. Further analysis of the range
of Wnt genes, their receptors, and their effector molecules
expressed in normal and diseased skin and hair follicles
may reveal one or more Wnt genes that participate in the
etiology of BCC and will form an essential component in
our understanding of normal epidermal and hair follicle
differentiation, the control of hair growth, and the mecha-
nisms underlying hair loss disease.
s of reproduction in any form reserved.
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148 Millar et al.Concluding Remarks
The results of the transgenic experiments described here
provide in vivo evidence for conservation of a link between
NT and DVL signaling in hair follicles. This system will
llow us to explore the roles of other putative components
f WNT signaling pathways in hair growth, including
b-catenin and LEF1. Furthermore, with a few exceptions,
the targets of WNT signaling in mammalian tissues are
unknown. Our observation that the levels of several hair
shaft proteins are elevated in response to signaling by
WNT3 provides us with the means to begin to identify
some of these target genes in hair follicles.
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